The ability to adapt to varying nutrient availability in changing environments is critical for successful parasitism. The lifecycle stages of the African trypanosome, Trypanosoma brucei, that infect the host mammalian bloodstream utilize glucose exclusively for ATP production. The finding that trypanosomes also inhabit other tissues that frequently contain lower glucose concentrations suggests blood stage parasites may have to respond to a dynamic environment with changing nutrient availability in order to survive. However, little is known about how the parasites coordinate gene expression with nutrient availability. Through transcriptome analysis, we have found blood stage parasites deprived of glucose alter gene expression in a pattern similar to transcriptome changes triggered by other stresses. A surprisingly low concentration of glucose (<10 μM) was required to initiate the response. To further understand the dynamic regulation of gene expression that occurs in response to altered glucose availability in the environment, we have interrogated the 3'UTR of cytochrome c oxidase subunit VI, a known lifecycle stage regulated gene, and have identified a stem-loop structure that confers glucose-responsive regulation at the translational level.
INTRODUCTION
T. brucei encounters dramatic environmental changes and undergoes extensive physiological and metabolic alterations as it transits through its lifecycle in both the mammalian host and the tsetse fly vector. In the mammal, the bloodstream form (BF) parasites, which have been found to colonize a variety of tissues in addition to the bloodstream including the skin, brain, fat, and testis, respond to environmental cues with niche-specific responses (1) (2) (3) . Similarly, in the fly vector, procyclic form (PF) trypanosomes sense their environment, modulating development into distinct tissue-dependent lifecycle stages in response to environmental cues (4) .
Trypanosomes experience different glucose concentrations in the tissues of their mammalian host and tsetse fly vector, suggesting that the hexose abundance could serve as a cue to orient parasites to the identity of their environment. While BF parasites in the blood are exposed to glucose levels maintained at ~5 mM, T. brucei can infect organs where there are lower glucose concentrations, including the brain (~1 mM) and testes (0.1 mM) (5) (6) (7) (8) . Furthermore, parasites in the skin and fat tissue may encounter reduced glucose levels, which may have consequences for the parasites. For example, trypanosomes found in these tissues have distinct gene expression patterns that suggest they are able to metabolize alternative carbon sources (2) . The health of the host may also influence glucose availability, as trypanosome infection can lead to changes in both blood and cerebrospinal fluid glucose levels (9) (10) (11) . In vitro assays support the responsiveness of BF trypanosomes to altered glucose availability. For example, inhibition of glycolysis with the hexose transport inhibitor phloretin or 2-deoxy-glucose (2-DOG) has been shown to alter BF gene expression (12) .
The gene expression changes in response to altered glucose availability are likely the consequence of post-transcriptional regulation, as T. brucei minimally regulates genes at the transcription level (13) . This is due, in part, to the polycistronic nature of the organization of the parasite genome, which has multiple protein-coding genes clustered together that are co-transcribed by RNA polymerase II into polycistronic primary transcripts. These primary transcripts are then matured through the regulated processes of trans-splicing and polyadenylation into functional mRNAs (14) . Mature transcripts are also subject to multiple levels of regulation, including alternative splicing, regulated transcript transport and subcellular localization, and degradation (15) .
Key cellular components that participate in post-transcriptional regulation include RNA binding proteins, metabolites, and non-coding RNAs (16) . In T. brucei, RNA binding proteins have been found to have a major influence on cell development and metabolism, including ZFP family members, ZC3H18, ALBA family members, RBP10, RBP6, DHH1, and hnRNP F/H (17) (18) (19) (20) (21) (22) (23) (24) (25) (26) (27) .
The role of RNA binding proteins in influencing gene expression in response to environmental nutrient availability remains largely unresolved. Additionally, only a two cis-acting regulatory elements have been identified in T. brucei that are the basis for responses to specific environmental signals.
The first, a 25-nucleotide 3'UTR element, is responsible for glycerol-induced changes in GPEET procyclin expression (28) . In the second, a 35-nucleotide stem-loop in the 3'UTR of the NT8 purine transporter gene is responsible for repressed expression in response to guanosine (16) . Other cisacting elements have been identified that are related to lifecycle stage-dependent expression. These include a 16-nucleotide element shared by several procyclin mRNAs (29), a 26-nucleotide stem-loop in the 3'UTR of EP1 procyclin (30,31), a 7-nucleotide motif in PUF9 target mRNAs (32) , and a 34-nucleotide element in the 3'UTR of ESAG9 family members transcripts (33) .
Here, we describe the impact of changes to environmental glucose on BF parasites steady state transcript abundance. Additionally, we have identified a novel regulatory element in the 3'UTR of the cytochrome oxidase subunit VI (COXVI). This element, which is predicted to be a component of a stem-loop structure in the gene, regulates translation in response to glucose abundance.
MATERIAL AND METHODS

Parasite culture and treatment
Bloodstream-form (BF) 9013 parasites, a derivative of Lister strain 427 (34) , were cultured in HMI9 (35) or glucose-deficient media (RPMIθ, ~5 μM glucose) developed from (Hirumi et al. 1977 ) that includes glucose-free RPMI buffered to pH 7.4 with HEPES as a replacement for IMDM, elimination of SerumPlus, and use of dialyzed FBS (10% f.c., Corning). For treatments designed to remove glucose, parasites in log phase were collected (800 x g, 8 min) and washed three times in PBS before being resuspended at 2-6 x 10 5 cell/mL in pre-warmed RPMIθ supplemented with or without 5 mM glucose.
RNA analysis
RNA was isolated from frozen treated cells that were collected by centrifugation (800 x g, 8 min), washed in PBS, before being flash frozen and stored at -80 o C. Total RNA was isolated using an Aurum Total RNA Mini Kit (Bio-Rad) and DNA was removed by incubation with DNase I (RT, 15 min) in one of the kit steps. RNA samples were quantified using an Eon Microplate Spectrophotometer (BioTek) to ensure all samples had an A260/A280 value of ~2. Real-time quantitative PCR was performed using a Verso 1-step RT-qPCR Kit (ThermoFisher) using the protocol provided by the manufacturer in a CFX96 Touch™ Real-Time PCR Detection System (Bio-Rad). Primers were designed using the GenScript Real-time PCR (TaqMan) Primer Design (https://www.genscript.com/tools/real-time-pcr-taqman-primer-design-tool) and blasted against the trypanosome genome at TritrypDB (http://tritrypdb.org/tritrypdb/) to ensure specificity. RNA (100 to 500 pg) and 300 nM of each primer were added to a 10 µL reaction. 
Constructs and luciferase assays
A trypanosome luciferase expression vector was generated by cloning the luciferase open reading frame into pXU, a pXS6-derived plasmid modified by elimination of the trypanosome UTRs flanking the multi-cloning site (Supplementary Figure 1) . The 5'UTR sequences were cloned between the ClaI and BamHI sites or introduced by PCR, while different 3'UTRs were cloned into the XhoI and HindIII sites. Plasmids were linearized by NotI and transfected into BF as described (42) .
Luciferase activity was measured using a slightly modified protocol from (16) . Briefly, 2 x 10 
RESULTS
Assessment of BF viability in the absence of glucose
Glucose is a critical carbon source for BF trypanosomes. To understand how BF parasites respond to glucose depletion, the viability of cells grown in media with different concentrations of the hexose was determined. When BF parasites were seeded at 3 x 10 5 cells/mL in very low glucose media (RPMIθ, ~ 5 μM glucose) supplemented with 5 mM glucose, viability was maintained and cell division was detectable after six hours ( Figure 1A ). If supplemental glucose was not added, BF parasites did not proliferate but most (~80%) remained viable for at least 12 hours. After 12 hours, both cell number and the percentage of viable cells decreased ( Figure 1B ).
Transcriptome analysis of bloodstream form trypanosomes in glucose-rich and deficient conditions
The period of time, when BF parasites viability was largely unaffected by the near-absence of glucose, offered an opportunity to score parasite response to the treatment. To analyze this response, highthroughput sequencing (RNAseq) was performed on BF incubated for 12 hours in very low glucose media supplemented with 5 mM or 1 mM glucose. While there were almost no differences between the transcriptomes of cells grown in 5 mM and 1 mM glucose, cells cultured in the near absence of glucose (~5 μM) had 1882 transcripts that were differentially expressed with at least a 2-fold change in expression level (and FDR < 0.05). Of the differentially regulated genes, 1282 were upregulated and 600 were downregulated (see Supplementary Table 1 for the full list).
Differentially expressed transcripts were mapped to Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways (43) Table 1 ). Glycosome-resident protein genes that function in aspects of glucose metabolism, another developmentally-regulated metabolic pathway, were significantly downregulated. These included the genes for enolase (Tb927.10.2890), fructosebisphosphate aldolase (Tb927.10.5620) and glyceraldehyde 3-phosphate dehydrogenase (Tb927.6.4300).
Since glycolysis is critical to BF trypanosomes for ATP production, the observed transcriptome regulation after glucose removal could reflect a response to general cellular stress. To 
Glucose-responsive regulation is rapid and requires an unexpectedly low level of glucose
To study the timing and glucose concentration required for regulation induced by glucose depletion, three significantly upregulated transcripts, HK1, COXVI, and RNA binding protein 5 (RBP5) were selected as reporter genes. The transcript abundance of these reporter genes was scored from BF cells incubated in RPMIθ for one, two, six, and twelve hours and compared to those seeded in RPMIθ with 5 mM of glucose. Transcripts of all three genes were found to be upregulated one hour after treatment ( Figure 5A ), suggesting the regulation is rapid. To assess the glucose concentration required for the observed regulation, BF cells were incubated in media with different amounts of glucose (5, 10, 55, and 500 µM) for two hours followed by assessment of reporter transcript abundance. Surprisingly, significant up-regulation of the reporter genes was not observed unless the glucose concentrations were below 10 μM ( Figure 5B ).
The 3'UTR of COXVI is responsible for glucose-dependent regulation
Transcript steady-state abundance in Kinetoplastida parasites is primarily controlled by posttranscriptional means and the responsible regulatory genetic elements are frequently located in the 3'UTR of the regulated genes (45) . Cytochrome oxidase subunit VI (COXVI) encodes a product that is essential for the electron transport chain, the expression of which is largely repressed in BF (46) .
The 3'UTR of COXVI has been studied in the context of lifecycle stage-specific regulation, with regulatory regions identified that primarily operate at the translational level (31) . To determine if the 3'UTR of COXVI harbors similar elements responsible for the observed upregulation after glucose depletion, the sequence was cloned downstream of a luciferase gene reporter and stably integrated into BF cells. The 5'UTR of COXVI was also tested using the same system, with the 5'UTR of the EP1 procyclin gene and 3'UTR of the actin gene used as controls.
Cells harboring stably-integrated luciferase constructs were cultured in glucose-replete conditions and then washed, resuspended in RPMIθ or RPMIθ supplemented with 5 mM glucose and incubated for two hours prior to RNA analysis ( Figure 6A ) or testing for luciferase activity ( Figure 6B) .
Surprisingly, luciferase steady state transcript levels were not influenced by the presence of either the COXVI 5' or 3'UTR ( Figure 6A ), which suggested that the observed changes in steady state levels of COXVI were the result of a regulatory element within the open reading frame of the gene.
Nevertheless, luciferase activity was increased almost three-fold from constructs harboring the COXVI 3'UTR luciferase, indicating the potential presence of an element that influences protein expression in the 3'UTR of the gene ( Figure 6B ). Unlike the 3'UTR, the COXVI 5'UTR had no impact on differential expression in response to glucose.
Identification of a regulatory element within the COXVI 3' UTR
The length (187 nucleotides) and relatively simple predicted secondary structure of the COXVI 3'UTR served as the starting point to identify the glucose responsive regulatory element that was responsible for the increased luciferase expression. Using the RNAstructure web server (http://rna.urmc.rochester.edu/RNAstructureWeb/Servers/Predict1/Predict1.html) (47), the COXVI 3'UTR structure was modeled, which resulted in a hairpin-like structure with the first and last ~60
nucleotides of the UTR partially annealing to form the stem. The intervening region from nucleotides 77-124 was predicted to form two short stem-loops (SLI and SLII, Figure 7A ).
To test the importance of these putative structures in the glucose-responsive increase in expression, modified COXVI 3'UTRs were generated by mutation and fused to the luciferase gene ( Figure 7B ). Modeling of these altered 3'UTRs suggests the changes had a variable impact on the overall structure (Supplementary Figure 3) . Removal of the first 60 nucleotides of the 3'UTR (D60) did not alter the glucose-responsive expression of luciferase activity. However, differential expression was abolished after removal of the first 120 nucleotides (D120, Figure 7C ). This result suggested the region between nucleotides 60 and 120, which includes the stem-loops SLI and SLII in the structural model, contains a potential regulatory element.
SLII mediates changes in gene expression in response to glucose-deficiency
To study whether SLI or SLII between nucleotides 77-124 were necessary for glucoseresponsiveness, constructs bearing luciferase under the regulation of a 3'UTR missing either stemloop were generated by mutagenesis and tested for their impact on mRNA steady state levels and luciferase expression.
In the absence of the first stem-loop (ΔSLI), the glucose-responsive increase in luciferase activity was not altered ( Figure 7C ). However, elimination of 12 nucleotides from the apex of SLII, to yield ΔsSLII, did abolish the response of the element. This 12-mer was insufficient to impart glucosedependent regulation to 3'UTRs not normally subject to such regulation. For example, the addition of sSLII to that of actin a (ACT) or the 60S ribosomal protein L10a (RPL10A) 3'UTRs did not alter luciferase expression glucose-depleted conditions ( Figure 8A ). However, modification of the ACT or All other mutations, including replacement of the two guanines on the loop with uracils (resulting in a loop composed of only uracils), replacement of the two uracils on the loop by guanines (to yield a loop of only guanines), mutation of G118 into uracil (changing the bubble adjacent to the loop into a stem), and mutation of G109 into cytosine (which disrupted the whole SLII structure), abolished the upregulation of luciferase in cells deprived of glucose ( Figure 8C ). These results suggested the four nucleotides on the loop, the adenine or guanine in the bubble, and the overall structure were important for the regulation.
DISCUSSION
The mammalian infectious stage of the African trypanosome occupies diverse niches that have different levels of available glucose. While the average glucose level in blood plasma is maintained at ~5 mM, other tissues contain a more dynamic range of this hexose. For example, brain glucose is only ~10-20% of the levels found in blood (7, 48) , while the glucose concentration in the seminiferous tubular fluid of the testes is even lower (less than 2% that of blood) (3, 8, 49) . BF parasites incubated in the near-absence of glucose remained viable for half a day during which time the expression of many lifecycle stage transcripts were altered, a behavior usually noted as the parasite transits to the next host, the tsetse fly. Because these studies used lab-adapted monomorphic BF parasites that are only partially able to respond to authentic environment cues that are known to trigger pleomorphic parasites to differentiate (51, 52) , it is possible that these responses reflect unique behaviors of laboratory strains.
Comparison of the transcriptional profiles of monomorphic BF and long slender (LS)
pleomorphic parasites reveals that the two lines respond with overall similar changes in gene expression after culture in glucose depleted conditions ( Figure 9 ). This observation suggests that while monomorphic BF cells are impaired in their ability to differentiate, they retain the pathways necessary for response to environmental glucose. The pattern of expression in response to environmental glucose may be useful in identifying the nature of authentic cues in specific tissues.
For example, pleomorphic LS parasites from adipose tissue likely do not use glucose as a cue for the regulation of gene expression in response to their environment. These cells, which upregulate genes involved in major metabolic pathways like glycolysis, amino acids metabolism, and fatty acid β-oxidation (2), share limited gene expression profile similarity with the profiles from BF or LS cultured in glucose-depleted conditions ( Figure 9A and B).
The regulation of transcript abundance in response to glucose depletion is rapid, taking place within hours of treatment, which is consistent with the observation that developmentally related transcripts tend to have short half-lives as a result of regulation of mRNA decay rates (53) . Curiously, the glucose concentration required to observe the regulation was lower than 10 μM. Mammalian tissues tend to have higher available glucose concentrations, but parasites in tissues that already have extremely low glucose level (like the testes) may deplete glucose to levels low enough to initiate the response (46, 54) . Interestingly, this concentration is also below the KM values for all known glucose binding or transporting proteins in T. brucei (55) (56) (57) . Two such 3'UTR elements have been identified, indicating the existence of an unknown mechanism of glucose perception in the parasite.
The alteration of translation in response to glucose depletion has been extensively studied in yeast (58) (59) (60) (61) and found to occur extremely rapidly (within 5 minutes) upon change in carbon source availability (62) . Glucose depletion similarly led to a rapid (~20 minute) alteration of translation in a mammalian neural cell line (63) , with TCA cycle and oxidative phosphorylation being among the most impacted pathways. These observations suggest that the oabserved altered translation of the T.
brucei COXVI subunit may be the result of a potentially conserved regulatory mechanism.
In the glucose-poor tsetse fly tissues, mitochondrially-based metabolism is important for success of the parasite, which is reflected in the upregulation in PF parasites of components of amino acid metabolism pathways. For example, the cytochrome c oxidase complex is highly expressed in PF parasites and lacking in proliferative BF parasites (64) . The 3'UTRs of COX family members have been studied in the context of life stage developmental regulation (31) and an 8-nucleotide element (UAUUUUUU) in genes of the family has been described. While COXVI transcripts harbor a shortened version of this element (UAUUUUU) in the last 60 nucleotides of the 3'UTR, this sequence is not responsible for the regulation induced by glucose removal. Deletion of the first 120 nucleotides of the COXVI 3'UTR, which preserved the UAUUUUU, eliminated the glucose responsiveness of the UTR ( Figure 7C ).
Another consensus sequence, UAG(G)UA(G/U), has also been identified in six members of the COX family (31). The COXVI 3'UTR contains two versions of this sequence. The first one, UAGUAG, is located at nucleotides 22-27 of the COXVI 3'UTR, while the second, UAGUAU, (nucleotides 86-91) makes up part of SLI. Deletion of the first was found to increase reporter protein activity in BF ~3-fold (31) . In this study, the deletion of the first 60 nucleotides (eliminating the first UAG(G)UA(G/U)), or deletion of SLI (which eliminates the second UAG(G)UA(G/U)), only slightly altered the steady-level abundance of luciferase ( Figure 7C) . Moreover, the glucose-depletion induced regulation was largely maintained in these two constructs ( Figure 7C) , indicating UAG(G)UA(G/U) was not responsible for the regulation triggered by glucose removal. Interestingly, the deletion of the first UAG(G)UA(G/U) introduced a new stem-loop structure into the 3'UTR based on secondary structure modeling (Supplementary Figure 3) . The same stem-loop structure was not formed when either the first 60 nucleotides or the SLI of COXVI 3'UTR were removed (Supplementary Figure 3) and may have been important for the previously observed increase in reporter activity (31) .
Structural features are believed to be central for the recognition of RNA regulatory elements (RREs) by RNA binding proteins (RBPs) (65) . RBPs typically do not access primary nucleotide sequence information in regions of double-stranded structure but rather recognize sequences in single-stranded regions (66) . The secondary structures of transcripts have been found to impact translational efficiency (67) (68) (69) (70) . In our study, single-stranded regions of the SLII of COXVI 3'UTR were important for sugar-based regulation, as mutations that altered either the single-strand loop or bubble of SLII impacted the response. Additionally, changing the structural context of the critical nucleotides in the SLII altered element function. This was demonstrated by the loss of regulation noted after engineering a single nucleotide mutation predicted to change the overall structure of the 3'UTR. The only variant that maintained normal glucose-responsive protein expression resulted in a predicted enlarged loop with unaltered single-stranded recognition sequences at the apex of the loop.
In this study we discovered a novel 26 -nucleotide regulatory element in the COXVI 3'UTR that responds to the near-absence of glucose by increasing protein translation without a corresponding increase in steady-state transcript abundance. This regulatory element is characterized by an imperfect short stem with a loop at its apex containing the tetrameric nucleotide sequence GUUG. Although we have not identified sequences with high identity to the element in other transcripts, stem-loops with similar structural and sequence features have been identified in other upregulated transcripts like HK1, PAD2, CS, COXVII and COXVIII (Supplementary Figure 6) .
The role of these in translational regulation remains to be resolved.
Our findings suggest that African trypanosomes respond to general translational stress or external glucose depletion through a regulatory network that influences the stability and translation of certain groups of transcripts required for adaptation. Understanding the adaptive behavior of parasites under these stressful conditions, particularly during drug treatment, could reveal means for the development of targeted strategies to combat drug resistance, especially for those drugs that target critical metabolic pathways. 
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